Abdominal aortic aneurysm (AAA) rupture is a local event in the aneurysm wall that naturally demands tools to assess the risk for local wall rupture. Consequently, global parameters like the maximum diameter and its expansion over time can only give very rough risk indications; therefore, they frequently fail to predict individual risk for AAA rupture. In contrast, the Biomechanical Rupture Risk Assessment (BRRA) method investigates the wall's risk for local rupture by quantitatively integrating many known AAA rupture risk factors like female sex, large relative expansion, intraluminal thrombus-related wall weakening, and high blood pressure. The BRRA method is almost 20 years old and has progressed considerably in recent years, it can now potentially enrich the diameter indication for AAA repair. The present paper reviews the current state of the BRRA method by summarizing its key underlying concepts (i.e., geometry modeling, biomechanical simulation, and result interpretation). Specifically, the validity of the underlying model assumptions is critically disused in relation to the intended simulation objective (i.e., a clinical AAA rupture risk assessment). Next, reported clinical BRRA validation studies are summarized, and their clinical relevance is reviewed. The BRRA method is a generic, biomecha nics-based approach that provides several interfaces to incorporate information from different research disciplines. As an example, the final section of this review suggests integrating growth aspects to (potentially) further improve BRRA sensitivity and specificity. Despite the fact that no prospective validation studies are reported, a significant and still growing body of validation evidence suggests integrating the BRRA method into the clinical decision-making process (i.e., enriching diameterbased decision-making in AAA patient treatment). 
transverse diameter and its change over time. Specifically, AAA repair is generally indicated if the largest diameter exceeds 55 mm or if it grows faster than 10 mm per year [1, 2] . The majority of clinicians follow this advice and use both criteria for clinical decision making, see Figure 1 . However, this somewhat crude rupture risk assessment is the subject of increasing discussion, and AAAs with a diameters of less than 55 mm can and do rupture (even under surveillance [3] ), whereas many aneurysms larger than 55 mm never rupture [4, 5] . Finally, the threshold diameter criterion is already about 20 years old and may no longer adequately reflect current treatment options.
Due to the poor specificity and sensitivity of diameter as an AAA repair indication, the costeffectiveness of patient treatment for aneurysms is not optimal, and a more individualized AAA repair indication would be of great help. Most important, aneurysm rupture is a local failure event in the wall, and global parameters like the largest diameter might not adequately reflect the actual risk for such events. This conclusion also explains why not all ruptures are found at the level of the largest diameter. Similarly, monitoring the expansion of the maximum diameter over time lacks sound scientific evidence and also misses spots of fast growth (i.e., areas of potentially compromised wall strength due to incomplete tissue turnover) [6] .
The drawbacks of the diameter criterion have stimulated considerable research in the field. Besides the diameter and its change over time, many other clinical risk factors have been proposed including biomechanical risk indices [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , AAA shape [19, 20] , female sex [7, [21] [22] [23] [24] [25] , family susceptibility [25] [26] [27] , high mean arterial pressure (MAP) [3] , smoking and fluorodeoxyglucose (FDG) uptake on positron emission tomography (PET) [28, 29] , a thick intraluminal thrombus (ILT) layer [18, 30] , and rapid increase in ILT volume [31] .
In summary, an AAA rupture is a complex event, and a better understanding requires a multi-disciplinary approach that is sensitive to local processes in the AAA wall.
The Biomechanical Rupture Risk Assessment (BRRA) method
AAA rupture is a local failure event in the wall that occurs when mechanical stress overcomes wall strength and naturally motivates tools of local wall rupture risk assessment. AAA wall pathology is driven by the complex interaction of biochemical and biomechanical events [33] , such that a multidisciplinary approach is needed to better understand and more effectively treat AAA disease. Specifically, the Biomechanical Rupture Risk Assessment (BRRA) (usually based on finite element (FE) modeling) supports such a holistic risk assessment and quantitatively integrates many known AAA risk factors [7, 34] . Simply put, biomechanics investigates the stress and strain in biological tissue (basic BRRArelated terminology is listed in Table 1 , and biomechanical indices like peak wall stress (PWS, see [35] and references therein) and the peak wall rupture index (PWRI) [13, 16, 36] , have been regularly shown to be higher in ruptured/symptomatic AAAs than in intact/ nonsymptomatic AAAs.
AAA Wall Stress: A Hypothetical Local Load Parameter Predicted by Structural Analysis Computations
AAA wall stress is the mechanical response to external forces (like blood pressure) acting on the vessel. Wall stress cannot be measured and is predicted (calculated) by solving the equilibrium equations under certain boundary and initial conditions. These equations can only be solved analytically (exactly) for a small number of rather simple problems. One of these simple solutions is the well-known Laplace Figure 1 . Clinically used criteria to assess abdominal aortic aneurysm rupture risk. Data were collected with an online survey of European vascular clinicians [32] . 
Stress
Stress is force normalized by the area through which it is transmitted. A general three-dimensional state of stress is characterized by in total six independent stress components (i.e., three normal stresses and three shear stresses, respectively). Equivalent stresses like the von Mises equivalent stress σ M , are used to express a multidimensional stress by a single stress value.
In vascular biology wall shear stress due to blood flow and wall normal stress due to blood pressure are . For an AAA rupture risk assessment, circumferential σ θ and σ z axial stresses dominate the loading such that the vascular wall can be regarded at principal plane stress. Under this condition, the von Mises equivalent stress reads σ = σ σ σ +σ θ θ -2 2 M z z . Remark: Different stress definitions exist, and the Cauchy stress or true stress is most frequently used. Others stresses are Engineering stress, Second Piola−Kichhoff stress, etc., and the reader is referred to the finite strain continuum mechanics literature [37] .
Tension
Tension in a membrane is defined as force normalized by length through which it is transmitted, see Figure 3 .
Consequently, the tension is independent from the thickness of the membrane. The unit of the tension is Newton per meter (N/m) or Pascal meter (Pa m), which is the tension that arises if the force of one Newton is distributed over a length of one meter.
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A Decision-Making Protocol for AAA A general three-dimensional state of stain is characterized by in total six independent strain components (i.e., three normal strains and three shear strains, respectively). Vascular tissue can significantly deform and typically requires finite strain theory (i.e., the displacements u and v are in the same range as the dimension L), see Figure 4 .
Constitutive model A constitutive model is a mathematical description of the tissue's constitution. A sub-class of constitutive models relates stress and strain (i.e., specify how much stress develops at a certain state of strain and vice versa). Elastic models assume that the deformation energy (mechanical energy required to deform body) is fully recovered after unloading (i.e., dissipative effects are negligible). In contrast, viscoelastic models (a class of dissipative models) assume that the deformation energy is only partly transformed into tissue deformation, and some part of the energy is transformed into heat (i.e., cannot be recovered by unloading).
Another class of constitutive models assumes the tissue being multiphasic. For example, a poroelasticity model regards an elastic solid (skeleton) phase immersed in a fluid phase to describe the constitution of the tissue.
Vascular tissue is nonlinear (i.e., it is soft at low strains and stiff at high strains, see Figure 5 . For the passive vessel wall the soft (low strain) and stiff (high strain) responses are determined by elastin and collagen, respectively.
( 
Stiffness
The stiffness = σ ε k is a tissue-specific parameter that describes how stress increases at increasing strain (i.e., it is the tangent to the stress strain curve, see Figure 5 ). Vascular tissue is nonlinear, such that its stiffness is not constant but dependent on the strain state. Consequently, one and the same vessel will have different stiffness at different inflation pressures.
Anisotropy
Depending on the microstructural arrangement of cells and ECM vascular tissue shows macroscopic anisotropic properties (i.e., its mechanical properties depend on the direction along which they are evaluated).
Consequently, tensile tests with wall strips along the circumferential and the axial vessel direction reveal different results.
Incompressibility
During physiological deformations, the volume of vascular tissue remains (almost) unchanged (i.e., the tissue is (almost) incompressible). This is mainly explained by the high content of not particularly mobile fluid within the tissue.
Equilibrium equations
At any time external forces, like blood pressure, that act on the vessel need to be balanced by internal tissue forces (i.e., by tissue stresses). These balance equations are called equilibrium equations, and specify a set of so-called partial differential equations that have to be satisfied locally (i.e., at each point in the tissue). In addition to the equilibrium equations, equations such as the conservation of mass for nongrowing tissue need to be satisfied.
Finally, in order to complete the biomechanical description, boundary conditions and initial conditions specify how the vascular body interacts with its surrounding and denote its respective conditions at the beginning of the calculation. The whole set of equations can be solved by numerical methods like the FE method.
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A Decision-Making Protocol for AAA equation, which gives the wall stress for an inflated thin-walled circular tube, see Figure 6 , Panel A. AAA geometry is complex and in most cases cannot be approximated by a thin-walled cylinder, such that wall stress predictions become much more challenging. Specifically, for these biomechanical problems the equilibrium equations can no longer be solved analytically, and wall stress predictions require approximate numerical approaches like the FE method, see Figure 6 . Panel B. FE-based wall stress predictions require:
• Three-dimensional (3D) geometry of the ILT and the vessel wall.
• Mechanical characteristics (constitutive descriptions) of the ILT and wall tissue.
• Assumptions on how the AAA interacts with its surrounding. • The blood pressure at which wall stress is predicted.
This input information is subjected to uncertainty, and its influence (sensitivity) on wall stress predictions needs to be carefully validated.
Uncertainty of Model Predictions
Naturally, every model involves making modeling assumptions (see Figure 7 for the BRRA) and reflects the real object only up to a certain degree of completeness (see A. Einstein: "Everything should be made as simple as possible, but no simpler." [38] ), and a model should be verified and validated to the degree needed for the model's intended purpose or application [39] . For a BRRA simulation, the required level of modeling details can only be defined in the context of the clinical outcome. Consequently, a good model will only include modeling details that improve the clinical outcome and disregard all the other information that reflects our current knowledge about the biomechanical problem. For example, the required degree of complexity of the aneurysm wall model (isotropic vs. anisotropic modeling, single phase vs. multiphase modeling, constant wall thickness vs. variable wall thickness, etc.) used by the BRRA can only be evaluated in relation to the wall model's implication on the Like all other materials the vessel wall too is hierarchically built-up by different structural constituents that span length-scales ranging from the atomistic up to the macroscopic levels. The definition of stress and strain critically relies on the continuum assumption (i.e., the matter in the body is continuously distributed and fills the entire region of space it occupies).
More specifically, the continuum assumption hinges on the concepts of an RVE. An RVE is a volume which includes a sufficiently large number of different structural constituents such that the RVE's mechanical response can be regarded as continuous. The size of the RVE defines the length-scale that relates to stress and strain.
FE Method
The FE method is a numerical concept for the approximate solution of many engineering problems (i.e., problems that are characterized by local equilibrium conditions under certain boundary conditions and initial conditions). In order to solve such problems with the FE method, the continuum is discretized (i.e., the vascular body is split into a large number of regular structural elements, the so-called FEs). Similarly, despite the fact that ITL tissue is highly porous [43, 44] , previous biomechanical studies have demonstrated that a single-phase model predicts AAA wall stress with sufficient accuracy [45, 46] . In contrast, wall stress predictions are sensitive to AAA geometry such that an accurate 3D AAA representation is criticlinical outcome -a complex model does not necessarily give better diagnostic information. Wall stress computations are not particularly sensitive to constitutive descriptions as long as the wall's low initial stiffness, followed by its strong stiffening at higher strains (see Figure 5 ) is respected [40] [41] [42] . cally important for accurate predictions. Finally, the FE method solves a discretized biomechanical model (i.e., the wall and ILT are represented by a large number of small regular structural elements, the so-called FEs). The discretization error becomes unacceptably large if the number of FEs used by the wall stress calculation is too small.
Macro Failure due to Accumulated Microstructural Tissue Damage
Mechanical force is transmitted from the macroscopic (tissue) scale down to the atomic scale, and different microstructural constituents are loaded differently. Consequently, increased blood pressure (macroscopic load) leads to local stress concentrations in the wall, and, if high enough, starts to damage the wall at specific spots. For example, microdefects like breakage and/or pullout of collagen fibrils gradually develop, weakening and softening the vessel wall. Because of the compromised biological integrity of aneurysm tissue and/or the supraphysiologic stress level, healing might not fully repair these microdefects. Consequently, the vessel wall continues to accumulate weak links, which in turn irreversibly diminish its strength. If the damage level (i.e., the numbers of defects per tissue volume) exceeds a certain threshold, microdefects join each other and form macrodefects. Finally, a single macrodefect may propagate and rupture the vessel through the whole thickness (i.e., the AAA ruptures). Different engineering concepts are known to study initiation and propagation of failure (macrodefects) in materials. One of the simplest approaches is introducing a risk factor by relating local wall stress and local wall strength termed the wall rupture index (WRI).
WRI =
Wall stress Wall strength
The WRI is a local parameter calculated all over the aneurysmal sack, and the BRRA therefore fully supports a local AAA risk assessment. Finally, the peak wall rupture index (PWRI) is the peak of the WRI is extracted all over the aneurysmal sack and serves as the final risk index of the BRRA.
Constitutive Modeling to Characterize Tissue Properties
The mechanical properties of vascular tissue are especially complex and are influenced by patient characteristics, disease progression, and local biological activity among other factors. Despite some methods suggesting in vivo tissue characterization, most current approaches apply in vitro (destructive) mechanical testing. In vitro mechanical testing allows for independent control of tissue strain and stress during testing (i.e., it supports tissue characterization at well-controlled loading conditions). Planar biaxial tensile testing is one frequently applied method for destructive AAA tissue characterization (see Figure 8 , Panel A) and provides mean-population properties for the BRRA [47, 48] . It is frequently claimed that patient-specific elastic tissue properties might further improve the clinical value of the BRRA, although the current literature does not support this statement [42] .
AAA Wall Thickness
The thickness of the AAA wall is nonuniform [49] [50] [51] , influenced by many factors [52] , and may [53] or may not [54] change between ruptured and [17] , indicating regions at higher risk of rupture, while thin-walled areas could be exposed to high wall stress and be at high risk for rupture. Biomechanical AAA studies report different average population thicknesses (see Table 2 , which may be explained by fundamentally different measurement methods and the difficulty specifying the outer border of the adventitia.
AAA Tissue Elastic Properties
Due to the aneurysm-related proteolytic degeneration of structural proteins [83] , an AAA wall mechanically differs significantly from a normal aorta. Specifically, the AAA wall is less anisotropic, and, at the same time, the nonlinearity of the stress-strain relation is more pronounced [47] . Constitutive models for the AAA wall [40] and the ILT [61, 62] are mainly based on isotropic finite strain formulations with mean population parameters identified from in vitro tissue testing.
AAA Wall Strength
Wall strength cannot be estimated in vivo and always requires destructive (in vitro) testing. The multiaxial stress state at which vascular tissue is exposed in vivo can hardly be realized by in vitro experiments, such that wall strength information is usually derived from simplified sample loadings. With some very few exceptions [63] , wall strength data have been collected from uniaxial tissue testing (i.e., tearing apart wall strip samples; see references in Table 2 ) as shown in Figure 8 , Panel B.
As indicated by the AAA wall's inhomogeneous pathohistology [68] , wall strength also shows significant inter-and intrapatient variability [17] . Strength values reported in the literature are summarized in Table 2 . Despite the difference in strength values being largely caused by differences in wall thickness measurements, in vitro wall testing also identified several influential factors on wall strength (see Table 3 ). Most interestingly, some of these factors clearly conflict with the current clinical understanding of rupture risk.
For example, chronic obstructive pulmonary disease (COPD) increases wall strength (i.e., would be a negative risk factor), which has recently been supported by the fact that COPD patients' aneurysms rupture at larger diameters [67] . However, COPD is often regarded as an additional risk factor in the clinic.
Wall strength and thickness are inversely related leading to a strong negative correlation coefficient of -0.71 according to the data shown in Table 2 [17, 53, 54, 66, 69] . Consequently, local variations of wall thickness and wall strength partly compensate for each other [69] , and wall tension (stress multiplied by wall thickness) seems to be a more robust rupture risk predictor [54] . The inverse correlation between wall thickness and wall strength also justifies, to some extent, the typically used uniform wall thickness for the BRRA computations. Consequently, FE models that assumed a homogeneous wall strength and wall thickness gave better results than models that used an inhomogeneous wall thickness and also regarded homogenous wall strength [69] .
Work Flow
A robust, fast, and operator-insensitive simulation pipeline is required to implement the BRRA in the clinical work flow. As an example, Figure 9 , Panel A illustrates the BRRA work flow using the A4clinics software (VASCOPS GmbH, Graz, Austria). During an Image Segmentation step, an accurate 3D model of the aneurysm is derived by segmenting luminal and exterior surfaces from computed tomography angiography (CT-A) images. A Mesh Generation step uses this information to mesh the wall and ILT (i.e., to split these volumes into a large number (~20,000-60,000) of FEs). A predefined wall thickness is used. During the FE Analysis step, the user sets the patient-individual MAP and other characteristics, and the FE method calculates the wall stress that is required to carry the blood pressure for the individual aneurysm shape and ILT topology. This calculation is based on mean population elastic tissue properties. Simultaneously, the wall stress is locally related to an estimated wall strength, which in turn defines the WRI over the entire aneurysmal sack. Finally, a Data Analysis step extracts key geometric and biomechanical information, which together with other examination input is compiled by a Reporting step into an Analysis Report. All steps can be executed by clinical users, and the whole process from reading the Digital Imaging and Communications in Medicine (DICOM) images to receiving the Analysis Report takes about 10-20 minutes using standard laptops or PCs.
Definition of the Rupture Risk Equivalent Diameter (RRED)
To assess the relative risk of rupture with respect to the mean population AAA patient, the Rupture Risk Equivalent Diameter (RRED) is introduced, see Figure 9 , Panel B. The RRED reflects the size of the average aneurysm that experiences the same PWRI as the individual case by translating the in- dividual biomechanical analysis into a diameter risk (i.e., the most commonly applied risk stratification parameter) [16] . Consequently, the RRED connects the individual biomechanical assessment with the outcome of large diameter-based clinical trials, like the small United Kingdom aneurysm trial [1] .
Validation of the BRRA
Prior to the implementation of the BRRA into the regular clinical workflow, its validity needs to be tested with respect to its specific simulation objective (i.e., the clinical value of the BRRA diagnosis) [39] . Specifically, it is not important that all underlying modeling assumptions (submodels) reflect current knowledge (see Section "Uncertainty of Model Predictions"), but the whole system needs to demonstrate an improvement over state-of-the-art clinical practice.
Operator Variability
Intra-and interoperator variability of the A4clinics (VASCOPS GmbH, Graz, Austria) rupture risk assessment system has been tested in clinical environments [70, 71] , and the latest (as yet unpublished) data comes from James Cook University, Queensland, Australia, showing an intraoperator variability of 3.3% for PWRI predictions and 1.6% for maximum diameter measurements. This high precision could only be achieved with active (deformable) image segmentation models known to have subpixel accuracy [1, 72] . In contrast other segmentation tools (e.g., MIMICS, Materialise, Leuven, Belgium) apply low-level segmentation methods based on threshold approaches, which require intensive manual interactions and leads to high operator variability of the results.
Retrospective Comparison between Ruptured and Nonruptured AAAs
The diagnostic value of the BRRA method has been studied for almost 20 years. Early work focused on PWS as a risk indicator (i.e., the effect of the inhomogeneous AAA wall strength was neglected in the assessment), and most studies disregarded the structural impact of the ILT on wall stress predictions. PWS has been regularly shown to be higher in ruptured/symptomatic AAAs than in intact/nonsymptomatic AAAs, see Figure 10 , which was adapted from a recent meta-analysis [35] .
Correlating mechanical in vitro tests with patient characteristics, defined a noninvasive, predictive model for the inhomogeneous strength of the AAA wall [64] . Consequently, local wall stress could be related to local wall strength, such that both key factors of the BRRA were addressed. Integrating wall strength in the BRRA further improved its diagnostic value (i.e., led to an improved retrospective discrimination between ruptured and nonruptured cases). For example, a size-adjusted comparison showed that the RRED was, on average, 14.0 mm larger in ruptured than in nonruptured cases (p < 0.001), see Figure 11 taken from [16] . Similar results have been presented elsewhere [13] . These findings have recently been confirmed by the clinical observation that a high PWRI value in nonsymptomatic AAA patients seems to be a negative prognostic factor [73] .
Quasiprospective Comparison between Ruptured and Nonruptured AAAs
CT-A scans of AAA patients that eventually experienced rupture (e.g., because the patient refused treatment) provide ideal data for a quasiprospective validation of the BRRA, and, to the best knowledge of the author, only one such study has been published [74] . The results showed that the BRRA method was able to significantly discriminate between AAAs that would rupture compared to a baseline-matched control group that did not rupture or was treated. The study also found that in more than half of the cases, the rupture sites correlated with calculated prerupture PWRR locations. Consequently, the authors concluded that asymptomatic AAA patients with high PWRR and RRED values have an increased rupture risk.
Correlation between PWRI and the Annual AAA Rupture Risk
Plotting the PWRI as a function of the diameter allows relating it to the annual AAA rupture risk from observational studies [16] . Figure 12 shows such a plot, where the thick and thin lines denote PWRI and a summary of annual AAA rupture risk data, respectively [75] . The graph clearly demonstrates a progressive increase of PWRI with the diameter, which nicely reflects the clinically reported prevalence for AAA ruptures with increasing diameter. In addition, this plot allows direct translation of the PWRI into the annual risk for AAA rupture. For example, a PWRI of 0.56 corresponds to the annual risk of rupture of 16%, see Figure 12 .
Female versus Male AAA Rupture Risk
Despite the fact that AAA prevalence is several times lower in females, female aneurysms rupture at smaller diameters [21, 22, 24] . Independently from this clinical observation, in vitro failure testing of female AAA wall samples showed a lower strength compared to male samples [58, 64] . This sex-specific wall weakening effect is integrated into the PWRI, and the biomechanical risk of an average 53-mm large female AAA relates to an average 13.2-mm larger male case (p = 0.014) [16] . This BRRA simulation result nicely matches data from clinical observation [21] .
Correlation between PWRI and FDG Uptake
Vascular wall biological activity can be indirectly evaluated through energy consumption using 18-fluorodeoxyglucose (18F-FDG) as a tracer for positron emission tomography (PET) imaging [28, 75] . In addition vascular cells respond to mechanical loads such that an 18F-FDG-uptake can in principle be used to qualitatively explore mechanical aorta loading [33] . Despite the fact that the aneurysmal wall loses its biological vitality, PET images still showed a considerable correlation between wall stress and 18F-FDG uptake [29, 76] .
Correlation between PWRI and Wall Histopathology
Biomechanical stress is a common denominator of several aortic pathologies [33] . The complex geometry and morphology of AAAs cause highly inhomogeneous wall stress and WRI distributions (see Figure 6 , Panel B), which were found to correlate with wall histopathology. Specifically, wall segments that in vivo experienced high WRI showed fewer smooth muscle cells and elastic fibers, more soft and hard plaques, as well as a trend to more fibrosis compared to wall samples at low WRI [68] .
Integration of AAA Growth Aspects
The above outlined method aims at assessing AAA rupture risk at a single time point, and, simply put, can be regarded as a "refined diameter criterion" (see Figure 14 , Panel A) that accounts for the individual AAA morphology, blood pressure and other patient characteristics. However, such an approach is entirely static and completely neglects AAA growth (dynamics) aspects. The BRRA method is a generic, biomechanics-based approach, which provides interfaces to incorporate information from different research disciplines. As an example, in this section a possible approach to integrate AAA growth effects in the BRRA method is outlined that could ( potentially) further improve BRRA sensitivity and specificity.
Aneurysm Growth
AAA growth is complex and distributed across the aneurysmal sack [6] , and the significant variation in aneurysm expansion remains unexplained by global parameters like the maximum diameter alone [78] , smoking [79] , sex, and inflammation [80] . In addition to these effects, the local crosssection diameter, local ILT thickness, and local wall stress (among others) also influence AAA growth [81] . Most interestingly, wall stress only seems to influence the growth rate of smaller AAA crosssections and most dominantly cross-sections that are not covered by ILT (i.e., rather normal vascular wall sections, see Figure 13 ).
Fast Local Wall Growth Might Compromise Wall Strength
Collagen fibers in the vascular wall have a major impact on the mechanical properties at higher loads (i.e., at the condition experienced by the aneurysm wall) [82, 83] . Specifically, it seems that collagen is the only remaining histologic structure able to carry the high mechanical load of later-stage aneurysms [84, 85] . Collagen is under continuous turnover and the maintenance of the collagen network relies on a delicate balance between synthesis by fibroblasts and degradation by metalloproteinases. A malfunction of collagen turnover could fail to result in homeostasis and determine AAA disease (i.e., collagen synthesis is insufficient to counteract the increasing mechanical stress), such that aneurysm growth further accelerates [83] .
Integration of Local Growth in the BRRA
It is likely that insufficient collagen remodeling diminishes local wall strength, which in turn increases the WRI. Consequently, integrating growth-related wall strength diminishing effects into the BRRA method could further improve its diagnostic value. Alternatively, local AAA wall growth that is predicted by a multiparametric AAA growth model could directly serve as an additional risk index similar to a "refined growth criterion, " see Figure 14 , Panel B. Such a risk index reflects growth all over the aneurysmal sack and does not only inform how fast the maximum diameter expands. To date, a quantitative relation between local growth rate and local wall strength-diminishing effects is not available; further experimental data would be needed to establish such a relationship.
Conclusion
AAA rupture is a local event in the aneurysm wall that naturally requires tools for a local wall rupture risk assessment. Global parameters like the maximum diameter and its expansion over time can only provide very rough risk indications and frequently fail to predict individual risk for AAA rupture. In contrast, the BRRA method allows analyzing the wall's local mechanical loading (i.e., its risk of local rupture). To this end, the BRRA quantitatively integrates many known risk factors for AAA rupture like large size, asymmetric shape, female sex, and hypoxia due to a thick ILT layer and therefore supports a highly individualized risk assessment. The static biomechanical risk for rupture is best expressed by the RRED, which relates the individual case to the size of an average aneurysm at the same biomechanical risk for rupture. A significant and still growing body of validation evidence suggests using the RRED as an additional parameter for AAA repair indication. However, prospective experiences with the BRRA method are still missing.
More Complexity Does Not Necessarily Give Better Predictions
Many biomechanical models are overloaded with mechanical complexities and fail to address clinical problems adequately; therefore, they do not enjoy clinician acceptance. A simulation model represents the real objective or process towards the desired degree of complexity and should be guided by clinical needs rather than by integrating all available (biomechanical) information of the problem [39, 86] . Computational biomechanical models require careful selection and combination of modeling assumptions as well as rigorous clinical validation. Where would further improvement be most effective? Apart from other challenges, biomechanical predictions critically depend on an accurate constitutive description of the AAA tissue. Most important for the BRRA is to estimate AAA wall strength, which by itself is influenced by many factors, see Table 3 .
It is crucial in the development of a constitutive model to understand both the (passive) interaction of structural components within the vascular wall and how cells dynamically maintain such a structure. Vascular tissue senses and responds actively to changes in its mechanical environment, a crucial tissue property that is currently largely overlooked in the BRRA. However, modern image modalities allow the extraction of biomechanical functional information (gated CT-A, 3D ultrasound, MRI), as well as biological activity (PET scan) of the wall, which in turn could be directly put into the BRRA. Such information might provide valuable insights into growth-related wall strength diminishing effects, which in turn could further improve the sensitivity and specificity of the BRRA. Most important, the BRRA is a generic, biomechanics-based approach that provides several interfaces to couple it to other research disciplines such as biochemistry and genetics and fully supports a holistic understanding of AAA disease.
